ADDITIONAL INDEX WORDS. nitrogen, leaching, fertilizer efficiency SUMMARY. Research on controlled-release fertilizers (CRF) in vegetable production has been conducted in California for several decades, and commercial CRF products have been marketed throughout most of that time. CRF remain niche products used on only a small percentage of vegetable fields. The potential advantage of CRF is maximized in production systems in which in-season nitrogen (N) leaching is significant but beyond the control of the grower, and where there are cultural constraints on in-season fertilizer application. Neither of those conditions is typical of the California industry. Annual rainfall in the major vegetable-producing regions averages less than 400 mm, with the majority of that received during winter months when vegetable production is limited; in-season leaching occurs almost exclusively from irrigation. The alluvial soils favored for vegetable production tend to be relatively fine-textured, with high water holding capacity that reduces N leaching potential. The widespread adoption of drip irrigation allows for efficient irrigation and for multiple applications of less expensive N fertilizers in synchrony with crop demand. Under representative California field conditions it has been difficult to show a horticultural benefit from the use of CRF, and the higher cost of these products has therefore limited their use. Future government regulation for water quality protection may require more efficient N fertilization practices, but significant expansion of CRF use is unlikely even under that scenario.
SUMMARY. Research on controlled-release fertilizers (CRF) in vegetable production has been conducted in California for several decades, and commercial CRF products have been marketed throughout most of that time. CRF remain niche products used on only a small percentage of vegetable fields. The potential advantage of CRF is maximized in production systems in which in-season nitrogen (N) leaching is significant but beyond the control of the grower, and where there are cultural constraints on in-season fertilizer application. Neither of those conditions is typical of the California industry. Annual rainfall in the major vegetable-producing regions averages less than 400 mm, with the majority of that received during winter months when vegetable production is limited; in-season leaching occurs almost exclusively from irrigation. The alluvial soils favored for vegetable production tend to be relatively fine-textured, with high water holding capacity that reduces N leaching potential. The widespread adoption of drip irrigation allows for efficient irrigation and for multiple applications of less expensive N fertilizers in synchrony with crop demand. Under representative California field conditions it has been difficult to show a horticultural benefit from the use of CRF, and the higher cost of these products has therefore limited their use. Future government regulation for water quality protection may require more efficient N fertilization practices, but significant expansion of CRF use is unlikely even under that scenario. R esearch on the use of controlled-release fertilizers (CRF) in California vegetable production has been conducted for more than 30 years. Since Lorenz et al. (1972) evaluated CRF for potato (Solanum tuberosum), tomato (Solanum lycopersicum), and muskmelon (Cucumis melo) production, numerous university and industry trials have been conducted in California on a wide range of crops. Despite this extensive evaluation, CRF are currently used on only a small fraction of the state's vegetable acreage. This minimal utilization can be attributed to the higher cost of CRF as well as to the environmental conditions and field management practices characteristic of the California vegetable industry.
Although a number of types of CRF have been developed [methylene urea, isobutylenediurea (IBDU), sulfur-coated urea, and polymercoated fertilizers], one common characteristic is the significantly higher cost compared with conventional N fertilizers. Commercially available CRF products have often been as much as twice the cost of conventional fertilizer per unit of N, although advances in coating technology have lowered the cost disparity for some newer products. Therefore, voluntary grower adoption of CRF use has depended upon increased crop productivity or increased N uptake efficiency, allowing N rates to be reduced. Including CRF use as a government-sanctioned best management practice (BMP) for water quality protection would provide an additional incentive. However, mandatory water quality BMPs have not yet been established in California, and due to the lack of demonstrated value under California conditions, the use of CRF has not even been included in suggested nutrient BMPs (Pettygrove et al., 2005) .
The potential advantage of CRF is maximized when in-season N leaching potential is significant. Many studies documenting CRF benefits were conducted on sandy soils and in environments receiving significant in-season precipitation; CRF research on potato production in Florida (Hutchinson, 2005; Hutchinson et al., 2003) and Minnesota (Zvomuya and Rosen, 2001 ) fit this profile. Likewise, the value of CRF for citrus (Citrus spp.) production in Florida Rouse, 1993, 2006; Paramasivam et al., 2001 ) has been attributed in large part to reduced N leaching potential in the sandy soils and high rainfall characteristic of the production areas.
In the main vegetable production areas of California (the central coast, and the San Joaquin and Imperial valleys), rainfall is rarely sufficient to cause significant leaching. Figure 1 shows monthly mean precipitation from a representative location in each area (University of California, 1983) . In the Imperial Valley, no month averages more than 0.5 inch. In the San Joaquin Valley, mean monthly precipitation exceeds 1.0 inch only in January and February, a period with very limited vegetable production. Only along the central coast is the mean precipitation sufficient to cause extensive leaching, and rainfall is concentrated in the winter months when relatively few vegetable fields are under cultivation. In California, in-season leaching is primarily caused by irrigation management, not precipitation, and therefore is largely within the grower's ability to control.
Inefficient irrigation does occur. Historically, CA vegetable production was sprinkler-or furrow-irrigated, techniques that often have poor water distribution uniformity. Hanson (1995) reported that fieldscale sprinkler or furrow irrigation often achieved a distribution uniformity <75%. This level of irrigation inefficiency does result in N leaching, but California soil characteristics tend to reduce N leaching potential. N leaching potential from irrigation is greatest in soils with low water holding capacity and rapid water infiltration. In contrast to many vegetable production areas elsewhere in the United States, the major California production areas are dominated by Furthermore, irrigation practices are changing. To improve irrigation efficiency as well as to increase yield, many California vegetable growers are converting fields to drip irrigation. With drip irrigation, distribution uniformity >90% can be obtained on a field scale. Drip irrigation also removes cultural limitations on inseason N application; multiple N fertigations are commonly used to apply N in synchrony with plant N uptake. Currently, more than 30% of coastal vegetable acreage is drip-irrigated, up from less than 10% a decade ago. Utilization of drip irrigation is increasing rapidly in the San Joaquin Valley as well, with more than a third of tomato acreage now under drip cultivation. Statewide, the pace of conversion of vegetable production to drip irrigation is accelerating; it is likely that the majority of California vegetable acreage will be drip-irrigated within a decade. As the utilization of drip increases, irrigation efficiency and N fertigation will reduce the likelihood of significantly expanded CRF use.
Environmental concern over nutrient loss from vegetable fields is a factor stimulating interest in CRF (Hutchinson et al., 2003; Zvomuya and Rosen, 2001 ). In California, it is in the central coast region where interest in CRF has been strongest and the current limited use of CRF is centered. In this region, decades of intensive vegetable production have resulted in a significant N pollution problem affecting groundwater and surface water. Many bodies of water in this region have a nitrate-nitrogen (NO 3 -N) concentration in excess of the Federal drinking water standard of 10 mgÁL -1 . Regulatory pressure on coastal growers to improve nutrient management is building. In theory, the use of CRF could be a valuable tool.
The primary vegetable production period for the central coast region is March through October; the vast majority of vegetable fields are fallow for most of the November through March period when leaching rainfall is most likely (Fig. 1) . To date, CRF research has targeted the minority of fields under cultivation during the winter rainy season. Table 1 summarizes nine commercial field trials conducted under representative coastal conditions, comparing N fertilization regimes using CRF and conventional fertilizers. In each trial, . y Includes preplant and sidedress nitrogen (N) application of soluble N fertilizer. x All trials included preplant CRF treatments alone, and in combination with in-season application of soluble N fertilizer. w One or more treatments using CRF resulted in significantly higher yield (P < 0.05) than the grower's regimen of soluble N application.
• January-March 2009 19 (1) the grower standard fertilization practice (no CRF) was compared with treatments using preplant CRF alone or in combination with sidedressed conventional N fertilizer.
The use of CRF resulted in a significant crop yield response only in the two celery (Apium graveolens var. dulce) trials. The crop response in the first celery trial was undoubtedly related to the abnormally high rainfall received during that trial (more than 40% above normal). The factors responsible for the crop response in the second trial are less clear; presumably, the combination of sandy soil texture and inefficient irrigation resulted in significant leaching and insufficient N availability for at least part of the season in the grower standard plots. More typical of the California experience with CRF were the broccoli (Brassica oleracea var. italica) and lettuce (Lactuca sativa) trials in which no yield advantage was observed at any of the seven sites. The lack of agronomic response to CRF use in the lettuce and broccoli trials may be attributed to several factors. The grower standard practice used high N fertilization rates, with N applied preplant and in multiple sidedressings (as is normal in the industry), thus the likelihood of even a transient N deficiency was remote. Also, Winter 2001-02 was abnormally dry.
The failure of CRF to consistently improve crop productivity, even under winter conditions most conducive to N leaching, has limited grower interest in this technology from a horticultural perspective. The potential environmental benefits of CRF use have not been extensively evaluated under representative coastal field conditions. While there is little doubt that intelligent use of CRF could reduce N loss to the environment compared with current fertilization practices, it is not clear that CRF use would be the most efficient or cost-effective way to reduce N pollution potential.
As outlined by Hartz (2006) , there are several BMPs that coastal growers could employ to drastically reduce N usage in vegetable production without incurring the added costs of CRF. First, employing seasonal N rates in line with crop N uptake could cut N application in some fields in half. Breschini and Hartz (2002) reported seasonal rates for lettuce as high as 338 lb/acre N, while lettuce seasonal N uptake averaged less than 120 lb/acre (Hartz et al., 2000) . Second, pre-sidedress soil nitrate testing (PSNT) could identify fields in which sidedressing could be delayed or reduced; across 26 commercial field trials, PSNT reduced seasonal N application to lettuce by >40% (Breschini and Hartz, 2002; Hartz et al., 2000) . Lastly, conversion to drip irrigation can drastically reduce in-season leaching volume and allow N application in synchrony with crop uptake, further reducing N leaching potential.
In summary, CRF is most appropriately employed in field situations in which significant in-season leaching is likely, but beyond the control of the grower. Such situations in the California vegetable industry are uncommon. CRF use is unlikely to expand substantially unless CRF becomes more cost-competitive with other fertilizers, or environmental regulatory pressure provides an additional incentive for use.
